ABSTRACT. Japanese horse chestnut (Aesculus turbinata) seed extract inhibits the activity of cyclooxygenase (COX), but its active constituents have not been identified. In the present study, COX inhibitors were isolated from the hexane extract of this seed by means of 4 steps of liquid chromatography and were identified by gas chromatography/mass spectrometry and nuclear magnetic resonance. The COX inhibitors in the extract of Japanese horse chestnut seeds were identified as linoleic acid, linolenic acid, and oleic acid. Their efficacies were in the following order: linolenic acid = linoleic acid > oleic acid. These active constituents are C18 unsaturated fatty acids; stearic acid, a C18 saturated fatty acid, had no activity. Linolenic acid and linoleic acid had high selectivity toward COX-2 (selectivity index = 10), whereas oleic acid had no selectivity. Considering the efficacy and yield of each fatty acid, linoleic acid may be the principal COX inhibitor in this seed. KEY WORDS: cyclooxygenase, inhibitor, Japanese horse chestnut, linoleic acid, linolenic acid.
ajoene from allium, cyanidin from cherries, and myricetin-3-O-β-D-glucuronide from Epilobium angustifolium [5] . However, the active constituents that inhibit COX have not been identified in Japanese horse chestnut seeds. In the present study, therefore, we separated COX inhibitors from the hexane extract of Japanese horse chestnut seeds and identified them by gas chromatography/mass spectrometry (GC/MS) and nuclear magnetic resonance (NMR).
MATERIALS AND METHODS
Japanese horse chestnut seed extract: Mature Japanese horse chestnut seeds were gathered from trees along a street in Morioka City. They were then washed with tap water and dried in the sun for several days. The shelled seeds were sliced and soaked in 4 volumes of hexane for 2 weeks at room temperature. The extract was filtered with filter paper (GS-25, Advantec Toyo, Tokyo, Japan) and concentrated with a rotary evaporator at 35°C.
Isolation of COX inhibitors: COX inhibitors in the crude extract were separated and purified by 3 steps of low pressure liquid chromatography (LPLC) and 1 step of high pressure liquid chromatography (HPLC). The conditions are shown in Table 1 . Each fraction of the eluate was examined for inhibitory effect on COX, and then active fractions were applied to the next step. COX-inhibiting efficacy was determined by means of an assay kit (Cayman Chemical, Ann Arbor MI, U.S.A.) according to the manual included with the kit. The kit contained both COX-1 and COX-2 enzymes, so the effects on these two isozymes could be determined separately and specifically.
Identification of COX inhibitors: The separated active fractions were assayed by GC/MS to confirm their purity and to identify the COX inhibitors. The conditions of GC/ MS are shown below.
Apparatus: GC, 5890 II; MSD, 5972; Injector, 6890 (Hewlett Packard). Column: HP-5MS (0.25 mm × 30 m, J&W). Temperature: Injection, 250°C; Column, 70°C (2 min)-10°C/min-280°C (5 min). Carrier gas: He (>99.99995%).
Sample volume: 1 µl (1 mg/ml in hexane).
The mass spectrum of each peak on chromatograms was automatically compared with reference spectra in a library (NIST/EPA/NIH-75K Mass Spectral Database) to identify the COX inhibitor in the fraction. When the fraction was pure, further identification was carried out by 13 C-NMR (JNM-AL400, JEOL, Tokyo, Japan) using standard conditions. The raw data for NMR was converted to chemical shift values and compared with the reference values of the material identified by GC/MS (The Aldrich Library of 13 C and 1 H NMR Spectra). After the COX inhibitors were identified by GC/MS and NMR, the same chemicals as those identified were purchased as standards, and their efficacies were examined in the same manner as described above. Statistical analysis of the efficacies was conducted by Welch's t-test, and p<0.05 was considered to be significant. Table 2 shows the results of step 1. The activity of COX-1 was inhibited by fractions Nos. 3, 4, and 7. Although COX-2 activity was inhibited by all fractions, strong inhibition was observed for fractions Nos. 3, 4, and 7. Because the yield of No. 7 was too small for application to further examinations, fractions Nos. 3 and 4 were applied to the next step. Table 3 shows the results of step 2. In this step, only the effect on COX-2 was examined as a indicator of efficacy. Fractions Nos. 1, 2, and 3 had no inhibitory effects on COX-2. Fraction No. 4 had the highest yield but its activity was lowest among the active fractions. Fractions No. 5 to 11 had high activities and sufficient yields. Thus, fractions No. 5 to Table 1 . Conditions of chromatography
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Step 4 11 were applied to the next step.
Step 3 chromatography produced a single large peak, and further separation could not be achieved by this method. Thus, all of the fractions participating in the peak were applied to the next step without measuring the activity.
HPLC separated the sample into 3 large peaks with 1 small shoulder peak, so the eluate was divided into 4 fractions in accordance with the chromatogram. Table 4 shows the results of this step. Although all of the fractions but No. 2 had activity to inhibit both COX-1 and COX-2, fractions Nos. 1 and 3 had remarkable effects. The yield of fraction No. 2 (shoulder peak) was too small to determine its activity.
Fractions Nos. 1, 3, and 4 were assayed by GC/MS in order to verify their purity and, if possible, identify them. Fractions Nos. 1 and 3 formed a single peak on a chromatogram. Mass spectra of these peaks were compared with reference spectra, and they were identified as linolenic acid (No. 1) and linoleic acid (No. 3), respectively, with high reliability (data were omitted). Fraction No. 4 formed several peaks on a chromatogram; two of the peaks were identified as stearic acid and oleic acid via a spectral search. Because of their high purity, fractions Nos. 1 and 3 were applied to the NMR analysis, and the results indicated that the chemical shift values of fractions Nos. 1 and 3 corresponded to the reference values of linolenic acid and linoleic acid, respectively (data were omitted). Fraction No. 4 was not analyzed by NMR because of its impurity.
Fractions Nos. 1 and 3 were identified as linolenic acid and linoleic acid, respectively, and fraction No. 4 contained stearic acid and oleic acid. Therefore, these 4 fatty acids were examined for their efficacies, and the results are shown in Fig. 1 . Linolenic acid and linoleic acid dose-dependently inhibited COX-1 and COX-2 activity, and almost complete inhibition was achieved at a concentration of 0.2 mg/ml. Both fatty acids inhibited COX-2 more strongly than COX-1. There were no significant differences in COX-inhibiting activity between linolenic acid and linoleic acid. As the IC 50 s of these fatty acids were about 0.03 mg/ml (= 0.1 mM) for COX-1 and 0.003 mg/ml (= 0.01 mM) for COX-2, the selectivity index for COX-2 (SI = [IC 50 for COX-1] / [IC 50 for COX-2] ) was 10. Oleic acid inhibited both isozymes comparably (IC 50 = 0.4 mg/ml), but its efficacy was lower than those of linolenic acid and linoleic acid. Stearic acid did not inhibit the activity of COX.
DISCUSSION
The major COX inhibitors in the hexane extract of Japanese horse chestnut seeds were identified as linolenic acid and linoleic acid by means of GC/MS and NMR. Oleic acid was also present in the extract and was confirmed to have COX-inhibiting activity. Ringbom et al. [8] reported that COX-1 and COX-2 activity was inhibited by eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), linolenic acid, and linoleic acid, but not by oleic acid, stearic acid, or other saturated fatty acids. Their results concerning oleic acid were different from ours. They may have only examined it up to a concentration of 0.14 mg/ml (0.5 mM), while we examined it at concentrations of up to 1 mg/ml. Thus, we conclude that oleic acid has COX-inhibiting activity. The other findings of Ringbom et al. are consistent with the present study. a) Activity is expressed as a percentage of the control. Fig. 1 . Inhibition of COX-1 and COX-2 activity by 4 kinds of C18 fatty acid. Values are expressed as means ± SD of duplicated determinations. * and **: significant inhibition at p<0.05 and p<0.01, respectively. # and ##: significant difference between COX-1 and COX-2 at p<0.05 and p<0.01, respectively.
All of these active substances are C18 unsaturated fatty acids; oleic acid has 1 double bond (18:1, ω-9), linoleic acid has 2 double bonds (18:2, ω-6), and linolenic acid has 3 double bonds (18:3, ω-3). On the other hand, stearic acid, a C18 saturated fatty acids, had no activity. These results suggest that "C18 fatty acids" and "unsaturated double bonds" are key configurations for inhibition of COX activity. On the other hand, commercially produced COX inhibitors have a six-membered ring and/or five-membered ring in their molecules. Some of them have a carboxyl group, but none of them have a double-bonded aliphatic hydrocarbon. Therefore, there are no structural similarities between commercial COX inhibitors and C18 unsaturated fatty acids. The COX reaction produces prostaglandins by converting arachidonic acid (20:4, ω-6). However, this enzyme can oxidize several other unsaturated fatty acids such as EPA (20:5, ω-3), linolenic acid, and linoleic acid [4, 7] . This suggests that these unsaturated fatty acids compete with arachidonic acid as substrates for COX.
Although oleic acid had no selectivity, linolenic acid and linoleic acid had selectivity toward COX-2 ( Fig. 1 ). This result is consistent with our previous study in which the crude extract of Japanese horse chestnut seeds inhibited COX-2 more strongly than COX-1 [9] . There are many NSAIDs that act as COX inhibitors, but not all of them have selectivity toward COX-2. Famous COX inhibitors, such as aspirin, indometacin, ibuprofen, and ketoprofen, have no selectivity toward COX-2. The COX-2 selectivities of linoleic acid and linolenic acid (SI = 10) are comparable to commercial COX-2 inhibitors such as etodolac (SI = 8) and mefenamic acid (SI = 12) [1] . The IC 50 of linoleic acid and linolenic acid for COX-2 (10 µM) is comparable to ibuprofen (9.9 µM) and lower than aspirin (14 µM) and sulindac (25 µM), although it is higher than several strong COX inhibitors, including mefenamic acid (0.16 µM), indometacin (0.37 µM), and ketoprofen (0.88 µM) [1] . Therefore, linolenic acid and linoleic acid may be promising as antiinflammatory agents.
Linolenic acid had high activity but its yield from the extract was very low. Linoleic acid had high activity and its yield was 10 times that of linolenic acid. The activity of oleic acid was considerably lower than those of linolenic acid and linoleic acid. Therefore, linoleic acid is considered to be the principal COX inhibitor in the hexane extract of Japanese horse chestnut seeds. Linolenic acid and oleic acid also contribute to COX inhibition. In general, plant seeds contain unsaturated fatty acids such as linoleic acid and linolenic acid, but they exist in ester forms. This is the first report in which Japanese horse chestnut seeds were confirmed to contain extractable free fatty acids.
Japanese horse chestnut seeds also contain saponins, coumarins, and polyphenols [2, 10] . We have already confirmed that some kinds of saponins and coumarins have no effect on COX activity [9] , but some polyphenolic compounds are known to have COX-inhibiting activity [3, 11, 12] . In the present study, we isolated COX inhibitors from hexane extract that did not contain hydrophilic constituents. Moreover, active constituents were not isolated from fraction No. 7 in the first chromatography because of its low yield. Therefore, Japanese horse chestnut seeds may contain other COX inhibitors besides C18 unsaturated fatty acids.
